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Remarkable Enhancement in Sodium-Ion Kinetics
of NaFe2(CN)6 by Chemical Bonding with Graphene
Weijie Li, Chao Han, Qingbing Xia, Kai Zhang, Shulei Chou,* Yong-Mook Kang,*
Jiazhao Wang, Hua Kun Liu, and Shi Xue Dou
this is what enables rapid acceleration.
For these reasons, the design of batteries
for electric vehicles should aim for a
long cycle life and a high rate capability.
At present, the greatest obstacle limiting
the commercial application of SIBs is the
lack of satisfactory electrode materials
that impart the needed long cycle life and
excellent rate capability. This is especially
true for cathode materials, which play crucial roles in the operation of full cells.
Among the cathode materials developed recently, such as transition metal (M)
oxides (NaxMO2+y),[10–15] phosphates,[16–20]
fluorides,[21] and hexacyanoferrates,[5,9,22–25]
only a few show a satisfactory cycle
life of greater than 90% of the initial
capacity over 200 cycles. The Na3V2(PO4)3-carbon composites showed an excellent cycling performance with a capacity
retention of ≈96% over 200 cycles.[26–28] Na1.25V3O8 nanowires
have demonstrated an impressive cycling performance, with
92% capacity retention after 1000 cycles.[29] Myung and coworkers reported that a carbon-coated NaCrO2 cathode showed
a surprising capacity retention of ≈90% at the 300th cycle.[30]
Unfortunately, these cathode materials are unsuitable for commercial applications owing to toxic elements (i.e., V, Cr) containing. Recently, Prussian blue, NaxFe2(CN)6, has attracted
more attention, owing to its favorable features including environmental friendliness, low-cost as well as its stable cycle life
with >95% capacity retention over 400 cycles, considered as a
promising cathode candidate for actual commercialization.[9,22,23]
The present limitation of NaFe2(CN)6 for commercial utilization, however, is the inferior rate capability. To improve the Li/
Na ion transfer kinetics or the rate capability of various electrode materials, one effective approach is to prepare the composites with carbonaceous materials [e.g., 1D carbon nanotubes
(CNTs), 2D graphene, etc.].[9,23,31–36] You et al. prepared Prussian blue (PB)/CNT composite which presented superior Na+
transfer kinetics even at subzero-temperature.[9] In this composite, however, the contact area between PB and CNTs is relatively less, because the PB particles are stringed together by 1D
CNTs, moreover, the price of CNTs is high and not suitable for
commercial application. In contrast, the cheap graphene has
excellent electronic conductivity, and good mechanical properties. Particularly, its unique 2D structure can endow the active
materials with more excellent rate capability due to the active
particles wrapped well by electronically conductive layers.
Prabakar et al. prepared PB/graphene composites by two-step

Hexacyanoferrate (Prussian blue, PB)/reduced graphene oxide (PB-RGO)
composites with a synergistic structure (graphene/PB/graphene) and a
chemical bond are fabricated using a facile one-step method that does
not require any external chemical reducing agent. Here, Na4Fe(CN)6 is
decomposed in an acidic solution to produce Fe2+ ions, which anchor onto the
electronegative graphene oxide (GO) layers by electrostatic interaction and then
reduce the GO. The formation of an FeOC chemical bond in the composite
results in an excellent rate capability of the PB-RGO composite at room
temperature, delivering capacities of 78.1, 68.9, and 46.0 mAh g−1 even at the
high rates of 10, 20, and 50 C, with a capacity retention of 70.2%, 63.4%, and
41.0%, respectively. The composite also shows an unprecedentedly outstanding
cycling stability, retaining ≈90% of the initial capacity after 600 cycles.

1. Introduction
Sodium-ion batteries (SIBs) have been intensively investigated
by researchers worldwide and are now viewed as promising
alternatives to lithium-ion batteries (LIBs) for energy-storage
systems, due to the abundant reserves, low cost, and similar
electrochemical properties.[1–9] SIBs are expected to find extensive use in electric vehicles, but batteries for this purpose must
meet stringent requirements, including a long cycle life, high
energy density (requiring both high capacity and high voltage),
and high power density (associated with the rate capability).
The most essential feature for batteries used in electric
vehicles, second to long cycle life, is high power density, as
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method where the Fe2O3/graphene was first synthesized and
then transferred into PB/graphene at 60 °C for 4 d with constant N2 bubbling.[23] However, this method is so complicated,
rigorous, and high energy consumption, which is not suitable
for practical production.
Herein, we develop a facile, energy-efficient, and scaling up
one-step method to prepare PB-reduced graphene oxide (RGO)
composite with ultrafast sodium-ion kinetics. The decomposition of Na4Fe(CN)6 in an acidic solution is utilized to produce
Fe2+ which can anchor onto the electronegative GO layers by electrostatic interaction and simultaneously reduce the GO. Thus,
a well-organized PB-RGO composite (graphene/PB/graphene)
was prepared by a facile one-step method without any external
chemical reductant. Moreover, A FeOC chemical bond
was successfully formed between the PB particles and the
RGO during the synthesis process. This unique structure
and the chemical bond endow the enhanced electrochemical
performance of the PB-RGO. As a result, the PB-RGO composite showed a superb rate capability, maintaining 68.9 and
46.0 mAh g−1 at 20 and 50 C, respectively. It also showed an
extremely stable cycle life, with ≈90% retention over 600 cycles.
Compared to other methods, this approach was quite simple
and energy-efficient. Moreover, it can in situ reduce GO without
an external chemical reductant, which would eliminate the

risks of residues of the reductant or byproducts arising from
the reduction and would also simplify scale up for commercialization. This work proposed an versatile strategy for markedly
improving the rate capability of NaFe2(CN)6, making it a promising cathode for SIBs.

2. Results and Discussion
The synthesis process for the PB-RGO composite is illustrated in
Scheme 1. The details of the preparation process are presented
in the Experimental Section. Typically, Na4Fe(CN)6∙10H2O was
dissolved in HCl aqueous solution. The GO solution and NaCl
were then added under magnetic stirring, to yield a brown colloid (Figure 1a). First, in an acidic environment, Fe2+ is obtained
from the decomposition of Na4Fe(CN)6,[37] and then anchor
onto the electronegative GO layers by electrostatic interaction.
Simultaneously, Fe2+, which has a standard reduction potential
(E° = −0.77 V) can reduce GO to graphene, while it is oxidized
to Fe3+ at the same time. Subsequently, the Fe3+ reacts with
[Fe(CN)6]4− to produce NaFe2(CN)6 nanoparticles, which anchor
onto the graphene layer. The brown colloid changes to dark
blue, and some suspension appears (Figure 1a), indicating the
reduction of GO into RGO and the formation of NaFe2(CN)6.

Scheme 1. Synthetic process for the PB-RGO composite: a) the synthetic process and b) mechanism of reaction.
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Figure 1. a) Photograph of the PB-9.6RGO composite synthesized by this process, b) SEM, and c) TEM images of the PB-9.6RGO composite, d) SAED
pattern of the PB-9.6RGO composite, and e) STEM-EDS mapping of the PB-9.6RGO composite.

The morphology of the PB-RGO composite was identified by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The PB-RGO composite exists in the form
of microsized flakes (Figure S1, Supporting Information) consisting of NaFe2(CN)6 nanocubes (200–300 nm in size) covered
by graphene flakes (Figure 1b). The structure of the PB-RGO
composite was further characterized by scanning transmission
electron microscopy (STEM). The fringes of the Prussian blue
analogues, however, are difficult to visualize in high resolution
TEM.[5,22] The selected area electron diffraction (SAED) pattern, shown in Figure 1d, indicates the coexistence of diffraction rings and spots, which are assigned to graphene ((002) and
(100) reflections) and NaFe2(CN)6, respectively. This supports a
reduction of GO to RGO during the synthesis of NaFe2(CN)6.
The elemental distribution of PB-RGO composite is detected
by energy dispersive spectroscopy (EDS) mapping, as shown in
Figure 1e. The distribution of the elements Na, Fe, and N conforms to the shape of NaFe2(CN)6 particles, while the distribution of C shows that it has not only covered the particles, but
it also exists around the particles. This demonstrates that the
cubic NaFe2(CN)6 was well wrapped by the graphene.
A series of characterization techniques, including X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS), were utilized to provide an in depth
picture of the structure of the PB-RGO composite. Figure 2
shows XRD patterns and Raman spectra of PB-RGO composite. Clearly, all the peaks of the PB-RGO composite are

indexed to the cubic phase with space group Fm-3m, which
is close to the standard reported in the International Centre
for Diffraction Data (ICDD) PDF-4 database (2014). Notably,
the (001) peak of GO was not detected in the composite, suggesting that the GO was totally reduced to RGO during the
reaction (Figure 2a). Raman spectroscopy was conducted to
explore the reduction of GO, as shown in Figure 2b. The
peaks in the range of 2000–2200 cm−1 are assigned to Prussian blue, while the peaks at 1300 and 1600 cm−1 are assigned
to the D-band and G-band of carbon, respectively. Moreover,
the intensity ratio of the D band to the G band of 1.36, which
is larger than that of the as-prepared GO (ID/IG = 1.02), demonstrating the reduction of the GO to graphene in the composite.
The high resolution C 1s XPS results also support this point, as
shown in Figure 3. The C 1s spectrum of GO can be fitted into
three peaks at 284.6, 286.5, and 287.6 eV, corresponding to CC,
CO, and CO groups, respectively. Moreover, the percentage of
groups containing oxygen is very high (about 66.2%), as shown
in Figure 3a. In contrast, the fitted peaks related to oxygencontaining groups become less significant, down to 36.6%, in the
C 1s spectrum of PB-RGO composite, demonstrating that the
GO has been reduced (Figure 3b). In summary, all the results
(SAED, XRD, Raman, and XPS) demonstrate that the GO can be
reduced in situ by sodium ferrocyanide (Na4Fe(CN)6) in an acid
solution to form NaFe2(CN)6 and the RGO composite.
FTIR was carried out to provide a further elucidation of the
structure of the PB-RGO composite, as shown in Figure 4.

Figure 2. a) XRD patterns and b) Raman spectra of PB-RGO composite and GO.
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Figure 3. High resolution C 1s spectra of: a) as-prepared GO and b) PB-RGO composite.

Compared with pristine PB powder, a FeOC chemical
bond was formed in the PB-RGO composite. In addition, high
resolution O1s XPS spectra show a peak at 531.7 eV, which is
assigned to the FeOC bond,[38] suggesting formation of a
chemical bond between the PB particles and the RGO in the
PB-RGO composite (Figure S2, Supporting Information).
The reaction process was explored by preparing the PB-RGO
composites with various experimental parameters, such as different concentrations of HCl (0, 0.006, 0.015, 0.09, and 0.6 m),
heating temperatures (50, 60, 70, and 80 °C), and GO contents
(0.5, 1, 1.5, and 2 mL), and the details are shown in Figures S3–S5
(Supporting Information). The content of RGO in the composite
was determined by thermogravimetric analysis (TGA). Unfortunately, the content of RGO in the composite was difficult to
determine because the decomposition temperature of Prussian
blue overlapped that of RGO (Figure S6, Supporting Information). The content of RGO was estimated by the theoretical
yield, based on the assumptions that the Na4Fe(CN)6∙10H2O is
completely converted into NaFe2(CN)6 and that the GO is completely reduced to RGO. Thus, the content of RGO in the composites prepared with 2, 1.5, 1, and 0.5 mL GO was estimated
as 12.3, 9.6, 6.6, and 3.4 wt%, respectively. Accordingly, the corresponding PB-RGO composites are denoted as PB-12.3RGO,
PB-9.6RGO, PB-6.6RGO, and PB-3.4RGO, respectively.

Figure 4. FTIR spectra of PB-RGO composite and pristine PB.
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The electrochemical performance of the PB-RGO composites was evaluated in half cells, using sodium as the counter
electrode. All the half cells were tested in the voltage range of
2–4 V using NaClO4 in a mixture of ethylene carbonate and
diethyl carbonate (NaClO4/EC:DEC (1:1 v/v)) as the electrolyte.
All the capacities of the PB-RGO electrodes were calculated
based on the composite mass. The charge–discharges curves
of the PB-RGO composites with different RGO contents are
presented in Figure S7 (Supporting Information). All the
PB-RGO composites showed an average voltage plateau of
3.0 V. Increases in the RGO content in the composites clearly
increased the capacity of the PB-RGO composites, from 92 to
128 mAh g−1 for PB-3.4RGO and PB-9.6RGO, respectively. The
capacity of PB-12.3RGO, however, decreased to 100 mAh g−1 as
the RGO content continued to rise.
The same trend was observed in the potential hysteresis; that
is, PB-9.6RGO showed the smallest potential hysteresis among
these fabricated composites, as shown in Figure 5a. One possible reason for this phenomenon is that the electronic conductivity of a PB-RGO composite is improved by a limited amount
of RGO. Below a threshold value, a higher RGO content in the
composite increases the electronic conductivity. Once the RGO
content exceeds this threshold amount, the electronic conductivity will decrease.
Notably, an external chemical reductant is not utilized in this
method, and GO is reduced only by Fe2+, which is the decomposition product of Na4Fe(CN)6. The amount of Na4Fe(CN)6
is also fixed in the present study during the synthesis of the
various PB-RGO composites, thereby allowing the reduction of only a limited amount of GO to RGO. Thus, some
residual oxygen-containing groups may exist in the GO in the
PB-12.3RGO composite, resulting in a lower electronic conductivity. This hypothesis was tested by collecting Raman spectra to
determine the details of RGO in the composites, as displayed
in Figure S8 (Supporting Information). The intensity ratios of
the D-band to the G-band, which can demonstrate the degree of
reduction of RGO in the composite, are summarized in Table S1
(Supporting Information). Clearly, the PB-12.3RGO composite
showed the smallest intensity ratio of the D-band to the G-band
(1.29) when compared with the other PB-RGO composites, suggesting a lower degree of reduction in the PB-12.3RGO composite than in the other composites. The EDS results are also
consistent with this point, as they show the highest oxygen

1700346 (4 of 8)
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Figure 5. Electrochemical performance of PB-RGO composite. a) Charge–discharge curves of PB-RGO composites with different RGO content;
b,c) rate performance of PB-RGO composites at current density of 50 mA g−1 (0.5 C); d) comparison of rate capability of PB-9.6RGO composite with
other reported Prussian blue analogues; e) cycling performance of PB-RGO composites charged at 0.5 C, f) the cycling performance of PB-9.6RGO
composite at current density of 200 mA g−1 (2 C).

content in the PB-12.3RGO composite (Table S2, Supporting
Information). The EDS results for the various PB-RGO composites were also used to obtain the ratio of Na:Fe in the various
composites to confirm that the cubic Prussian blue formula is
NaFe2(CN)6 (Table S2, Supporting Information). The molar
ratio of Na to Fe was also measured by inductively coupled
plasma (ICP) analysis, and the results showed a ratio of Na to

Small Methods 2018, 2, 1700346

Fe of 1.04. Thus, the formula of Prussian blue in the composite
can be written as NaFe2(CN)6.
The rate capability of the PB-RGO composites was evaluated
by testing the half cells at various current densities at room
temperature, as presented in Figure 5b. The rate capability of
the PB-RGO composites is clearly improved in comparison
with bare PB particles due to the good electronic conductivity
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of RGO. The bare PB showed a dramatic decline of 50% in the
capacity when the cell was charged at 2 C. The samples wrapped
with RGO showed a slight improvement in the rate capability of
PB-3.4RGO, with a 64% capacity retention seen at 2 C. Further
increase in the RGO content gave composites with better highrate performance. The PB-9.6RGO composite, in particular,
shows a superior rate capability, delivering capacities of 78.1,
68.9, and 46.0 mAh g−1, even at the high rates of 10, 20, and 50 C,
respectively, corresponding to capacity retentions of 70.2%,
63.4%, and 41.0%, respectively (Figure 5c). When compared
with other reported PB composites, PB-9.6RGO showed a relatively superior rate capability (Figure 5d), which arose from the
FeOC chemical bond forming in the PB-RGO composite,
which facilitates the diffusion process. We confirmed this point
by mixing PB and 9.6 wt% RGO (mixed PB-9.6RGO) to test the
rate capability of this mixture. The rate performance was poorer
for the mixed PB-9.6RGO than for the PB-9.6RGO (Figure S9,
Supporting Information). The cycling performance of the
PB-RGO composites was measured at 0.5 C (50 mA g−1) after
first charging at 10 mA g−1 for 5 cycles, as shown in Figure 5e.
Among the tested composites, the PB-9.6RGO composite
showed the highest capacity, at 98.5 mAh g−1, and the best
cycling performance, with a capacity retention of 90% over
600 cycles (Figure 5e). Even when charged at 2 C over 3000 cycles,
the PB-9.6RGO composite retained 61.0% of its initial capacity
(83.3 mAh g−1), as shown in Figure 5f. Thus, among the tested
PB-RGO composites, the PB-9.6RGO composite shows the best
cycling performance and a superior rate capability.
The excellent performance of the PB-9.6RGO composite was
further evaluated by conducting electrochemical impedance
spectroscopy (EIS) and the galvanostatic intermittent titration
technique (GITT) to explore its electric conductivity and diffusion properties. The Nyquist plots of the PB-RGO composites in
the charged state at 3.0 V (vs Na+/Na) are shown in Figure 6a.
The impedance curves present a semicircle in the mediumfrequency range and an oblique line in the low-frequency range.
The semicircle can be fitted into two semicircles, one at
high-frequency and the other in the medium-frequency region,
using the equivalent circuit shown in Figure S10 (Supporting
Information), which reveals the cell internal resistance (Rs) and
the charge transfer resistance (Rct), respectively. The oblique
line relates to the Na+ diffusion in the solid-state electrode

materials. The Rct clearly continuously decreases at first with
increasing RGO content in the composite (560, 544, and 432 Ω
for PB-3.4RGO, PB-6.6RGO, and PB-9.6RGO, respectively) and
then increases to 510 Ω for PB-12.3RGO. This suggests that
the electronic conductivity is better for the PB-9.6RGO composite than for the other composites, which can explain why the
PB-9.6RGO composite shows the lowest potential hysteresis and
the highest capacity among the PB-RGO composites (Figure 5a).
The DNa+ of the PB-RGO composites can be calculated from
EIS, and details are in given in the Supporting Information
(Figures S11–S14, Supporting Information). A comparison
of the Na+ diffusion coefficients of the PB-RGO composites
during the charge–discharge process is presented in
Figure 6b. The PB-9.6RGO composite clearly shows the largest
diffusion coefficient among the tested composites ((0.5−7.2) ×
10−12 cm2 S−1). Increases in the RGO content in the composites at first increase the diffusion coefficient, but this coefficient
then begins to decrease as the RGO content exceeds 9.6% in
the composite. This is consistent with the trends observed in the
rate capability of the PB-RGO composites. The DNa+ of the
PB-RGO composites can also be calculated using the GITT
method. A comparison of DNa+ for various PB-RGO composites,
calculated from the GITT, is shown in Figure S16 (Supporting
Information). The results also show the same tendency as that
calculated from the EIS. This can explain why the PB-9.6 RGO
composite possesses a superior high-rate capability when compared with the other PB-RGO composites.
A comprehensive evaluation of the PB-9.6RGO composite
was also obtained by testing the half cells in a low-temperature
range of −15−15 °C. The low-temperature electrochemical
performance is also a crucial parameter for assessment of
commercial batteries destined for use in the winter. Figure 7a
presents the rate-capability of the PB-9.6RGO composite
charged at various temperatures. Clearly, the rate-capability
curves of the PB-9.6RGO composite indicate poorer performance when evaluations are made at low temperatures than at
room temperature (Figure 5b). This is because the ionic conductivity of the electrolyte worsens and Na+ diffusion becomes
sluggish at low temperature.[9] When tested at 15 °C, however,
the PB-9.6RGO composite delivered a relatively high capacity of
67.1, 56.0, and 38.2 mAh g−1 at 1, 2, and 5 C, respectively. Even
when the temperature was decreased to −5 °C, the capacity of

Figure 6. a) Comparison of electrochemical impedance spectra (EIS) of PB-RGO composites charged at 3.0 V, b) Na+ ion diffusion coefficient calculated
from EIS of the RGO-PB composites at different charge and discharge states.
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68.9 and 46.0 mAh g−1 at 20 and 50 C, respectively. It also
shows an extremely stable cycle life, with ≈90% retention over
600 cycles. The simple one-step fabrication process itself
appears very amenable to commercial scale up. This work provides a synergistic and easily scalable synthesis method that
can greatly facilitate the Na ion transfer kinetics of NaFe2(CN)6,
making it a promising cathode for SIBs.

4. Experimental Section

Figure 7. Electrochemical performance of PB-9.6RGO composite charged
at low temperature: a) Rate capability at various temperatures (15, 5, 0, −5,
and −15 °C), b) cycling performance at 0 °C.

PB-9.6RGO charged at 1 and 2 C still remained at 19.1 and
8.2 mAh g−1, respectively. Figure 7b shows the cycling performance of the PB-9.6RGO composite at 0 °C following
charging at 0.5 C. The composite presents a stable cycle life
with 83% retention of the initial capacity (43.4 mAh g−1) over
500 cycles. The PB-9.6RGO composite electrode also showed
relatively good cycling performance at temperatures as high as
50 °C, with a capacity retention of 65.8% over 500 cycles, as
shown in Figure S17 (Supporting Information). Therefore, not
only does the PB-9.6RGO composite show outstanding rate
capability and stable cycle life at room temperature, it also shows
excellent cycling performance at low and high temperatures.

3. Conclusion
In summary, the Na ion transfer kinetics in NaFe2(CN)6 was
significantly improved by preparing a graphene composite. We
developed a simple, one-step, and energy-efficient method to
reduce GO to RGO in situ without the need for any external
chemical reductant, which eliminates the risk of contamination
by residual reductant or reduction byproducts. The synthesis
process uses the decomposition of Na4Fe(CN)6 in an acidic solution to produce Fe2+. The Fe2+ then anchors onto the electronegative GO layers by electrostatic interactions and ultimately
reduces the GO, while being simultaneously oxidized to Fe3+.
The Fe3+ then reacts with [Fe(CN)6]4− to produce NaFe2(CN)6
nanoparticles, which anchor onto the graphene layer, giving a
well-organized PB-RGO composite (graphene/PB/graphene).
Ultimately, a FeOC chemical bond, forms between the PB
particles and RGO during the synthesis process. The resulting
PB-RGO composite has a great rate capability, maintaining

Small Methods 2018, 2, 1700346

Synthesis of NaFe2(CN)6 PB-RGO Composite: All the chemicals were
purchased from Sigma-Aldrich and used without further purifying
treatment. GO was prepared by a modified Hummer’s method. The
concentration of the obtained GO aqueous suspension was 5.34 mg mL−1.
In a typical preparation of PB-RGO composite, 126 mg (0.26 mmol)
of Na4Fe(CN)6∙10H2O was dissolved in 40 mL HCl aqueous solution
(0.015 m). Then, 1.5 mL GO suspension was added into above HCl
solution under magnetic stirring. After vigorous stirring for 1 h, 2 g
NaCl was added into the aforementioned solution. Then, the vessel was
heated in an oil bath at 60 °C for 1 h. The precipitate was collected by
centrifugation and washed with deionized water and ethanol several
times, followed by freeze-drying for 24 h. In this work, a series of PB-RGO
composites with different GO contents of 2, 1.5, 1, and 0.5 mL were
prepared, with the corresponding samples denoted as PB-12.3RGO,
PB-9.6RGO, PB-6.6RGO, and PB-3.4RGO, respectively, according to the
theoretically estimated RGO yield.
Synthesis of Mixed NaFe2(CN)6/Reduced Graphene Oxide (Mixed
PB-RGO) Composite: RGO was prepared by hydrothermal method. The
typical process was to put GO solution into the autoclave which was
heated for 6 h at 180 °C. For bare PB, it was prepared at the same
experimental condition as described in the Experimental Section, apart
from adding GO in the solution. Then, the PB and RGO were mixed
to obtain the composite containing 9.6 wt% RGO, which is denoted
as mixed PB-9.6RGO. The rate capability was tested under the same
condition as that used for PB-9.6RGO composite.
Characterization of the PB-RGO Composite: The crystalline structure
of the active powder was characterized by powder XRD on a GBC MMA
diffractometer with a Cu Kα source. The morphology of the sample was
investigated by field emission scanning electron microscopy (JEOL JSM7500FA) and STEM (JEOL ARM200F). XPS was conducted using a SPECS
PHOIBOS 100 Analyser installed in a high-vacuum chamber with the base
pressure below 10−8 mbar, and X-ray excitation was provided by Al Kα
radiation with photon energy hν = 1486.6 eV at the high voltage of 12 kV
and power of 120 W. Raman spectra were collected using a JOBIN Yvon
Horiba Raman spectrometer model HR800, with a 10 mW helium/neon
laser at 632.8 nm excitation in the range of 150–2000 cm−1. The molar ratios
of Na to Fe were measured by ICP analysis (Elementar Vario EL CUBE). The
amount of water in the samples was determined using a Mettler–Toledo
thermogravimetric analysis/differential scanning calorimetry (TGA/DSC)
STARe system from 50 to 600 °C, ramped at 10 °C min−1 in Ar.
Electrochemical Testing: PB-RGO electrodes were prepared by mixing
80% active materials, 10% carbon black, and 10% carboxymethyl cellulose
used as binder by weight to form an electrode slurry, which then was coated
on aluminum foil, followed by drying in a vacuum oven overnight at 80 °C
and then pressing with a pressure of 30 MPa. Sodium foil was cut by the
doctor blade technique from sodium bulk stored in mineral oil, and it then
was employed as both reference and counter electrode. The electrolyte
was 1.0 mol L−1 NaClO4 in an ethylene carbonate–diethyl carbonate
solution (1:1 v/v). The cells were assembled in an argon-filled glove box.
The electrochemical performance was tested with a Land Test System in
the voltage range of 2–4 V (vs Na+/Na). All the capacities of the PB-RGO
electrodes were calculated on the basis of composite mass. The lowtemperature performance was measured in the temperature range of −15
to 15 °C. EIS was conducted on a Biologic VMP3 at frequencies from 10
to 1 MHZ. The GITT was carried out with a pulse of 5 µA for 10 min and
with 60 min interruption between each pulse.

1700346 (7 of 8)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.small-methods.com

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements
This work was supported by the Australian Research Council through a
Linkage Project (No. LP120200432) Discovery Early Career Researcher
Award (DECRA, No. DE180101478) and an Australian Renewable
Energy Agency (ARENA) Project (No. G00849). Y.-M.K. would like to
acknowledge a National Research Foundation of Korea (NRF) Grant
funded by the Korean government (MSIP) (No. NRF-2017R1A2B3004383
and NRF-2017M3D1A1039553) as well as the International Energy
Joint R&D Program (No. 20168510011350) of the Korea Institute of
Energy Technology Evaluation and Planning (KETEP) grant funded by
the Ministry of Knowledge Economy, Korean government. K.Z. would
like to acknowledge Korea Research Fellowship Program through the
National Research Foundation of Korea (NRF) funded by the Ministry
of Science, ICT, and Future Planning (No. 2016H1D3A1906790). The
authors would like to also thank Dr. Tania Silver for her critical reading
of the manuscript, as well as Dr. Dongqi Shi for the XPS testing, and the
authors also acknowledge the use of the facilities in the UOW Electron
Microscopy Centre, with particular thanks to Dr. Gilberto Casillas-Garcia.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
FeOC bonds, in situ reduced graphite oxide, NaFe2(CN)6/graphene
composite, one-point synthesis, ultrafast sodium-ion kinetics
Received: October 31, 2017
Revised: January 8, 2018
Published online: March 25, 2018

[1] D. Larcher, J. M. Tarascon, Nat. Chem. 2014, 7, 19.
[2] X. Xiang, K. Zhang, J. Chen, Adv. Mater. 2015, 27, 5343.
[3] M. H. Han, E. Gonzalo, G. Singh, T. Rojo, Energy Environ. Sci. 2015,
8, 81.
[4] H. Pan, Y. S. Hu, L. Chen, Energy Environ. Sci. 2013, 6, 2338.
[5] W. J. Li, S. L. Chou, J. Z. Wang, J. L. Wang, Q. F. Gu, H. K. Liu,
S. X. Dou, Nano Energy 2015, 13, 200.
[6] W. J. Li, S. L. Chou, J. Z. Wang, H. K. Liu, S. X. Dou, J. Mater. Chem.
A 2016, 4, 505.
[7] W. J. Li, S. L. Chou, J. Z. Wang, H. K. Liu, S. X. Dou, Chem. Commun.
2015, 51, 3682.
[8] P. F. Wang, Y. You, Y. X. Yin, Y. S. Wang, L. J. Wan, L. Gu, Y. G. Guo,
Angew. Chem., Int. Ed. 2016, 55, 7445.
[9] Y. You, H. R. Yao, S. Xin, Y. X. Yin, T. T. Zuo, C. P. Yang, Y. G. Guo,
Y. Cui, L. J. Wan, J. B. Goodenough, Adv. Mater. 2016, 28, 7243.

Small Methods 2018, 2, 1700346

[10] Y. Wang, L. Mu, J. Liu, Z. Yang, X. Yu, L. Gu, Y.-S. Hu, H. Li,
X.-Q. Yang, L. Chen, X. Huang, Adv. Energy Mater. 2015, 5, 1501005.
[11] S. Guo, H. Yu, D. Liu, W. Tian, X. Liu, N. Hanada, M. Ishida,
H. Zhou, Chem. Commun. 2014, 50, 7998.
[12] D. Yuan, X. Liang, L. Wu, Y. Cao, X. Ai, J. Feng, H. Yang, Adv. Mater.
2014, 26, 6301.
[13] H. Yoshida, N. Yabuuchi, K. Kubota, I. Ikeuchi, A. Garsuch,
M. Schulz-Dobrick, S. Komaba, Chem. Commun. 2014, 50, 3677.
[14] L. Mu, S. Xu, Y. Li, Y.-S. Hu, H. Li, L. Chen, X. Huang, Adv. Mater.
2015, 27, 6928.
[15] S. Xu, Y. Wang, L. Ben, Y. Lyu, N. Song, Z. Yang, Y. Li, L. Mu,
H. T. Yang, L. Gu, Y. S. Hu, H. Li, Z. H. Cheng, L. Chen, X. Huang,
Adv. Energy Mater. 2015, 5, 1501156.
[16] Y. U. Park, D. H. Seo, H. S. Kwon, B. Kim, J. Kim, H. Kim, I. Kim,
H. I. Yoo, K. Kang, J. Am. Chem. Soc. 2013, 135, 13870.
[17] M. Peng, B. Li, H. Yan, D. Zhang, X. Wang, D. Xia, G. Guo, Angew.
Chem., Int. Ed. 2015, 54, 6452.
[18] H. Kim, I. Park, D. H. Seo, S. Lee, S. W. Kim, W. J. Kwon, Y. U. Park,
C. S. Kim, S. Jeon, K. Kang, J. Am. Chem. Soc. 2012, 134, 10369.
[19] Y. Fang, L. Xiao, X. Ai, Y. Cao, H. Yang, Adv. Mater. 2015, 27,
5895.
[20] H. Kim, G. Yoon, I. Park, K. Y. Park, B. Lee, J. Kim, Y. U. Park,
S. K. Jung, H. D. Lim, D. Ahn, S. Lee, K. Kang, Energy Environ. Sci.
2015, 8, 3325.
[21] Y. Yamada, T. Doi, I. Tanaka, S. Okada, J.-I. Yamaki, J. Power Sources
2011, 196, 4837.
[22] W. J. Li, S. L. Chou, J. Z. Wang, Y. M. Kang, J. L. Wang, Y. Liu,
Q. F. Gu, H. K. Liu, S. X. Dou, Chem. Mater. 2015, 27, 1997.
[23] S. J. R. Prabakar, J. Jeong, M. Pyo, RSC Adv. 2015, 5, 37545.
[24] L. Wang, Y. Lu, J. Liu, M. Xu, J. Cheng, D. Zhang, J. B. Goodenough,
Angew. Chem., Int. Ed. 2013, 52, 1964.
[25] J. Qian, M. Zhou, Y. Cao, X. Ai, H. Yang, Adv. Energy Mater. 2012, 2,
410.
[26] S. Li, Y. Dong, L. Xu, X. Xu, L. He, L. Mai, Adv. Mater. 2014, 26,
3545.
[27] X. Rui, W. Sun, C. Wu, Y. Yu, Q. Yan, Adv. Mater. 2015, 27, 6670.
[28] J. Liu, K. Tang, K. Song, P. A. van Aken, Y. Yu, J. Maier, Nanoscale
2014, 6, 5081.
[29] Y. Dong, S. Li, K. Zhao, C. Han, W. Chen, B. Wang, L. Wang, B. Xu,
Q. Wei, L. Zhang, X. Xu, L. Mai, Energy Environ. Sci. 2015, 8, 1267.
[30] C. Y. Yu, J. S. Park, H. G. Jung, K. Y. Chung, D. Aurbach, Y. K. Sun,
S. T. Myung, Energy Environ. Sci. 2015, 8, 2019.
[31] Y. Xiong, J. Qian, Y. Cao, X. Ai, H. Yang, J. Mater. Chem. A 2016, 4,
11351.
[32] Q. Wei, Y. Xu, Q. Li, S. Tan, W. Ren, Q. An, L. Mai, Chem. Commun.
2016, 52, 8730.
[33] W. J. Li, S. L. Chou, J. Z. Wang, H. K. Liu, S. X. Dou, Nano Lett.
2013, 13, 5480.
[34] S. H. Zhang, W. J. Li, B. Tan, S. L. Chou, Z. Li, S. X. Dou, J. Mater.
Chem. A 2015, 3, 4793.
[35] W. J. Li, C. Han, S. L. Chou, J. Z. Wang, Z. Li, Y. M. Kang, H. K. Liu,
S. X. Dou, Chem. Eur. J. 2016, 22, 590.
[36] L. David, R. Bhandavat, G. Singh, ACS Nano 2014, 8,
1759.
[37] Y. You, X. L. Wu, Y. X. Yin, Y. G. Guo, Energy Environ. Sci. 2014, 7,
1643.
[38] N. A. Zubir, C. Yacou, J. Motuzas, X. Zhang, J. C. Diniz da Costa,
Sci. Rep. 2014, 4, 4594.

1700346 (8 of 8)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

